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ABSTRACT
In the past, structural design was based on deterministic analysis using known
geometry, material properties, loads, and boundary conditions. A safety factor
was then used to ensure structural reliability. More recently, probabilistic
structural analysis has been developed to analyze the effects of fluctuating
loads, variable material properties, and uncertain analytical models especially
for high performance structures such as SSME turbopump blades. In the deter-
ministic approach, uncertainties in the response were not quantified and actual
safety margin in the design remained unknown. Probabi!istic structur_] analy-
sis provides a systematic method to evaluate structural performance and dura-
bility. Probabilistic Structural Analysis Method (PSAM) for Select Space
Propulsion System Components is a research and technology program sponsored by
NASA Lewis. The objective of this program is to characterize the probabilis-
tic structural response due to the stochastic environments by statistical
descriptions. The computer code NESSUS (Numerical Evaluation of Stochastic
Structure Under Stress) has been developed by Southwest Research Institute
(SWRI) to serve as a primary computation tool for this purpose. The current
code co1,_i_L_ uf Lt_,,_6 --: .... _.,_ _rm_TT_IPR_ NE_NTT_IFEM. and NESSUS/FPI.
NESSUS/PRE is a preprocessor which decomposes the spatially correlated random
variables into a set of uncorrelated random variables using a modal analysis
method. NESSUS/FEM is a finite element module which provides structural sensi-
tivities to all the random variables considered. NESSUS/FPI is Fast Probabil-
ity Integration method by which a cumulative distribution function (CDF) or a
probability density function (PDF) is calculated. Further risk assessment can
be continued once the probability distribution function is known.
Work performed on-site at the Lewis Research Center for the Structural
Mechanics Branch under contract NAG3-24105.
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UNCERTAINTIESIN THEPROBABILISTICSTRUCTURALNALYSIS
Probabilistic structural analysis requires the uncertainties involved be recog-
nized and quantified. An SSMEturbopump blade is subjected to complex mechani-
cal and thermal loads and will be used to illustrate the randomnessconcerned
in the analysis. The dominant loads on the turbine blade are centrifugal
force, thermal load, and the differential pressure across the airfoil. Cen-
trifugal force is induced by the rotational blade speed. Since it is difficult
to maintain constant rotational speed, the centrifugal force should be defined
as a randomvariable. Randomthermal load is due to combustion irregularities
which cause a randomtemperature distribution in the blade. Differential pres-
sure should also be random. Uncertainties in the blade geometry arise during
the manufacturing process. The stochastic material properties are caused by
the imperfections in the material developed during process. Uncertainty in the
temperature distribution also gives another level of material property varia-
tion. For the cantilever structure of the SSMEblade shown, the boundary is
modeled as fully constrained for simplicity. In real structures, flexibility
is exhibited at the support due to assembly procedure which should be quanti-
fied statistically.
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CONCEPTOFPROBABILISTICSTRUCTURALNALYSISBY NESSUS
With the loading, material properties, geometry, and boundary conditions
defined as randomvariables, the probabilistic structural analysis is then com-
puted by NESSUS. The structure can be considered as a filter. The response
variables, which can be static deflection, strains and stress at one or several
locations, or natural frequencies, will also be randomand will be described
by a cumulative distribution function (CDF) or a probability density function
(PDF). For most structures, the analytical distribution function of response
can not be obtained and will be evaluated numerically by NESSUS.
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STRUCTURE OF NESSUS
NESSUS (Numerical Evaluation of Stochastic Structure Under Stress) integrates
finite element methods technology with probabilistic methods. The code con-
sists of the three major modules shown by the shaded blocks below. NESSUS/PRE
analyzes the correlation model. NESSUS/FEM computes sensitivity data. NESSUS/
FPI calculates probabilistic results.
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NESSUS/PRE
NESSUS/PRE is a pre-processor used for the preparation of the statistical data
needed to perform the probabilistic finite element analysis. It allows the
user to describe a spatial domain defined by a set of discrete points, typ-
ically corresponding to the nodal points of a finite element mesh. One or
more random variable fields may then be specified over this spatial domain by
defining the mean value and standard deviation of the random variable at each
point, together with an appropriate form of correlation. The current version
of NESSUS/PRE limits the treatment of partially correlated fields to fields of
Gaussian variables with equal correlation strength in all directions (isotropic
correlation). Correlated random variables are decomposed into a set of uncor-
related vectors by a modal analysis. For strong correlation problems, the
number of dominant random variables in the set of uncorrelated vectors will be
much less than that of correlated random variables. The reduction of the
number of random variables will also decrease the computational time required
for the analysis. One other reason to have this module developed is that the
current FPI code can treat uncorrelated problems only.
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NESSUS/FEM
NESSUS/FEMis a finite element code used for structural analysis and parameter
sensitivity evaluation. It also generates a database containing all the
response information corresponding to a small variation of each independent
randomvariable. The algorithm used in NESSUS/FPIrequires an explicit
response function in terms of uncorrelated randomvariables in order to perform
a reliability analysis. In complicated structural analysis problems, response
can only be available implicitly through a finite element model. To overcome
this difficulty, the response function is estimated numerically. In the figure
shownbelow, the response considered is the displacement D, the uncertainty
involved is the Young's modulus E. NESSUS/FEMcalculated the displacement DO,
DI, D2 corresponding to the Young's modulus at EO, El, E2. DI and D2 are com-
puted by a methodakin to the modified Newtonnonlinear algorithm. A curve is
found to approximate the desired response.
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NESSUS/FPI
NESSUS/FPI(Fast Probability Integrator) implements an advanced reliability
method. This method plays an important role in risk assessment of civil engi-
neering structures. This module extracts data from the database generated by
NESSUS/FEMto develop a response or performance model in terms of uncorrelated
randomvariables. The probabilistic structural response is calculated from the
performance model. For a given response value, the probability of exceedance
at this value is estimated by a reliability method, which treats the problems
as a constrained minimization. This step is called a point probability esti-
mate. The cumulative distribution function can be obtained numerically by
running FPI at several response values. Onealternative for generating the
distribution function for any given response is by a Monte Carlo simulation
study. Howeverin general, it is very costly. NESSUS/FPIprovides a method
which not only produces a reliable distribution, but also requires less
computing time than that for Monte Carlo simulation, especially in the low
probability region.
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NESSUSVALIDATION
A SSMEturbopumpblade has been modeled by four node shell elements. NESSUS
and Monte Carlo simulation are used to calculate the cumulative distribution
(CDF) function. In principal, given an extremely large random sample, the
Monte Carlo results will be exact. However, large computing time will be nec-
essary to achieve convergence especially in the low probability region. NESSUS
implements an approximation schemerequiring less computing effort. Three val-
idation studies are presented. Nodal coordinates in the radial direction,
¥oung's modulus in each element, and nodal temperatures are assumedto be ran-
domfor each case. Three hundred sample points are generated by Monte Carlo
simulation. In general, the results from two methods agree with each other.
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TURBINE BLADE STUDY BY NESSUS
Because of the severely stochastic launch environment for SSME components, such
as a turbopump blade, deterministic analyses cannot be realistic. Examples of
probabilistic analyses of a SSME blade using NESSUS are presented. The nodal
coordinates, nodal temperatures, lateral pressure, Young's modulus, concen-
trated loads, and blade speed are modeled as random fields. The response ana-
lyzed is the radial tip displacement. Probability density functions for
displacement are presented. In the first eight cases, the PDF is generated
assuming one random field. The ninth example is the PDF due to the combined
effect of these eight random fields. From this study, it can be concluded that
rotation speed, nodal temperature, and material properties have more effect
on the distribution of radial tip displacement than concentrated loads or
y-coordinate perturbation. In the combined case study, NESSUS/FPI also pro-
vides sensitivity information on the response for each random variable.
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